In this paper, a high-resolution visualization technique was used in combination with an extensively validated zero-dimensional model in order to relate the external structure of a diesel spray to the internal properties in the vicinity of the nozzle. For this purpose, three single-hole convergent nozzles with different diameters were tested for several pressure conditions. The analysis of the obtained images shows that the spray width significantly changes along the first few millimetres of the spray. From the high-resolution images obtained, two parameters were evaluated. The first is the external non-perturbed length, where droplet detachment was not observed. The second is a transitional length, which is defined as the axial position where the spray width increases linearly after transient behaviour, making it possible to establish a spray cone angle definition. Furthermore, the internal liquid core length was estimated for these nozzles using an extensively validated zero-dimensional model. The liquid core length proved to be correlated with both the transitional length and the non-perturbed length with a very high degree of reliability. In the case of the transitional length, a quadratic correlation was observed, whereas a linear relationship was confirmed between the liquid core length and the non-perturbed length. The results presented here may help to shed light on better understanding of such a complex process as atomization.
Introduction
Knowledge of the atomization process in diesel sprays is valuable because the combustion efficiency and the emissions are directly related to spray atomization and the fuel-air mixing processes. During the last decade, several tools have been developed with the aim of analysing the diesel spray behaviour. [1] [2] [3] [4] [5] [6] [7] [8] Nevertheless, because of the complexity of the problem, there are still many uncertainties in the spray formation and breakup processes. Research activities have been carried out in the last few years to characterize sprays under highinjection-pressure conditions by using visualization techniques focused on the nozzle vicinity zone. In this sense, Hattori et al. 9 analysed the transient structures in the first few millimetres of diesel sprays using different optical techniques. They observed that, during the initial stage of the injection, the spray consists of a non-perturbed liquid column and an umbrella-shaped structure in the nozzle tip. Linne et al. 10 studied the first 3 mm of the spray, identifying and evaluating periodic structures in the spray contour. Kastengren et al. 11, 12 used X-ray techniques to measure the projected mass distribution up to the first 5 mm of the spray.
Spray atomization has also been assessed by using numerical simulations, either using a Reynolds-averaged Navier-Stokes (RANS) equations approach for turbulence modelling 13, 14 or even using direct numerical simulations (DNSs) [15] [16] [17] despite the high computational cost of this type of simulation. Som and Aggarwal 13 showed the differences between the combustion processes for two break-up models: the Kelvin-Helmholtz (KH) model and the KelvinHelmholtz aerodynamics, cavitation and turbulence (KH-ACT) model, which is an improvement to the KH model. The inclusion of the ACT phenomena enhanced the primary break-up process, resulting in smaller droplet sizes and a decrease in liquid penetration. With regard to the flame lift-off length, the KH-ACT model predicted a lift-off length closer to the experimental values. Shinjo and Umemura 15, 16 and Me´nard et al. 17 studied the diesel spray at low injection velocities. In the papers by Shinjo and Umemara, 15, 16 the formation of ligaments and droplets was studied at 30 m/s, 50 m/s and 100 m/s. Lebas et al. 14 used the DNS calculations of Menard et al. 17 to set the parameters and constants of a Eulerian-Lagrangian spray atomization model, which was successfully tested with experimental data in terms of liquid and vapour penetration.
It is well known that the spray characteristics are highly influenced by the flow features at the nozzle outlet. [18] [19] [20] [21] However, study of these characteristics is very complicated owing to the small orifice diameters, the high velocities and the cavitation phenomenon that can take place inside the nozzle, especially in nonconvergent nozzles. [22] [23] [24] [25] [26] Additionally, many researchers have observed important increases in both the atomization level and the spray angle connected to the cavitation phenomenon. 5, 19, 24, 27, 28 In the present paper, the atomization process of diesel sprays was assessed by visualizing the spray in the first few millimetres. To this end, three single-hole convergent nozzles with different diameters were tested for a wide range of pressure conditions. The tests were carried out with a diffused backlighting technique, performing the acquisition at two different image resolutions in order to focus in different regions of the spray. With all conditions, the study region ranges from the nozzle tip to 5.5 mm away in the axial direction.
Two different parameters were evaluated. The external non-perturbed length was obtained from the best resolution images, whereas a transitional length indicating the axial position after an initial transient zone from which the spray width spreads linearly with the axial position was determined from the lowest-resolution images. From this transitional length onwards, a spray cone angle definition can be established if the droplets in the border of the spray with an axial position higher than the transitional length are used. In parallel, the potential of a zero-dimensional model previously validated for a wide range of conditions made it possible to characterize the internal liquid core for the different injection conditions tested on these nozzles. This parameter, which is not experimentally accessible with the optical technique used in this investigation, was compared and correlated with the non-perturbed length and the transitional length.
The paper is divided into five sections. In the second section, the visualization facility, the optical set-up and the technique used to process the images are described. The third section includes the results and analysis of the images taken from visualization. Subsequently, a theoretical model for the liquid core length is obtained in the fourth section, where the results from this model are also compared with previous experimental results in order to link both the internal parameters and the external parameters in a spray. Finally, the most important conclusions of the study are given in the fifth section.
Experimental tools
A Bosch common-rail fuel injection system with a solenoid-valve-operated injector was used. A standard commercial diesel fuel was chosen for the study. The main physical and chemical characteristics of this fuel are reported in Table 1 .
Determination of the internal geometry of the nozzles
A methodology based on silicone moulding 29 was employed to obtain information on the internal geometry of the nozzles used. The results of the values obtained by applying this technique are displayed in Table 2 , in which the values of the diameters at the inlet and at the outlet of the nozzle are shown. As can be seen, the three nozzles are strongly conical and are therefore not prone to cavitate. 19 The degree of conicity of each nozzle is evaluated by means of the k factor, which is defined as 
Visualization set-up
The tests were carried out with a diffused backlighting technique combined with an optical set-up which includes a biconvex lens, making it possible to achieve high amplification ratios. A schematic diagram of this optical set-up is shown in Figure 1 . As can be seen, the laser source used for illumination and the chargecoupled device (CCD) camera are placed on opposite sides of the visualization test rig. The laser, the camera and the lens are aligned. A specific drawing of the visualization test rig is shown in Figure 2 . It mainly consists of a stainless steel cylinder with two optical windows. The upper cover contains the injector holder, whereas the cover in the bottom contains the backpressure regulation system, which makes use of nitrogen. The maximum pressure in the chamber is limited to 6 MPa owing to mechanical tolerances. A neodymium-doped yttrium aluminium garnet laser operating in a pulsed mode was used as the illumination source since it offers the possibility of using a short shot duration (around 7 ns), which is needed to freeze the image and to obtain the structures of the spray. The purpose of the optical diffuser placed after the laser ( Figure 1 ) is to produce uniform illumination and to filter the high intensity, thereby avoiding damage to the camera sensor. The facility makes it possible to set the distances between the camera, the lens and the test rig in order to obtain the images with the desired magnification ratio. These distances depend on the size of the required visualization window, the characteristics of the lens, the size of the CCD sensor and the refractive index of the fluid that fills the visualization chamber. The characteristics of the lens are listed in Table 3 . These magnitudes are related to the equations
where FL is the focal length, d 1 is the distance from the spray axis to the lens, d 2 is the distance from the CCD sensor to the lens, M is the magnification ratio, h w is the size of the visualization window and h s is the camera sensor size (which is equal to 7 mm). The distances used in the current investigation for both configurations are given in Table 4 .
Experimental methodology and acquired image processing
As mentioned earlier, an optical facility was used for visualizing the diesel sprays in steady-state conditions, when injected into a pressurized chamber. With this aim, a set of 20 images was acquired at the time instant that corresponds to full needle-lift conditions, so that the flow characteristics are stabilized. Two image resolutions were used: 250 pixels/mm (visualization window of 4.2 mm 3 5.5 mm) and 1000 pixels/mm (visualization window of 1.2 mm 3 1.5 mm). The first resolution level made it possible to characterize the external spray morphology up to about 5.5 mm, and it was used to analyse the evolution of the spray width. The second resolution level was useful to obtain more specific information on the spray structure in the first 3 mm of the spray. An injection pressure of 50 MPa was tested for different values of the chamber density, which was modified by controlling the chamber pressure. The values of the chamber pressure and their corresponding densities are shown in Table 5 .
Images obtained from the visualization tests were processed using general-purpose software developed and implemented in MATLAB. This software utilizes an algorithm based on the Otsu 30 method to detect the intensity threshold that defines the spray. This method has proved to be useful for images that clearly show two regions (liquid and gas) with different intensity levels. 1, 6, [18] [19] [20] [21] Experimental results and analysis Figure 3 shows two samples of the images acquired for the highest-resolution configuration. These images were obtained from nozzles A and C at an injection pressure of 50 MPa and a chamber pressure of 1 MPa. This resolution allows visualization of the first 1.5 mm of the spray. These images are analysed subsequantly, but at first glance it can be seen that there is a region near the nozzle where the spray width is almost constant and equal to the outlet diameter. Additionally, it can be seen that this region is longer for nozzle C, which has a larger nozzle diameter. Figure 4 displays two samples of images using the lowest resolution. This kind of image makes it possible to visualize the spray up to a distance of around 5 mm from the nozzle in the axial direction. These images were obtained from nozzle A at an injection pressure of 50 MPa and two different back pressures of 1 MPa ( Figure  4 (left)) and 2.5 MPa (Figure 4 (right)). In this case, it can be clearly noted that an increase in the chamber pressure leads to a larger spray width because of the influence of the chamber density on the air-fuel mixing process.
The spray width was determined using an imageprocessing algorithm. Its axial evolution was analysed for all the nozzles and all the experimental conditions tested in order to study the near-nozzle field structure. As a sample, the contour obtained for nozzle A for a back pressure of 1 MPa is displayed in Figure 5 (bottom). Additionally, a linear fit applied to the spray contour points located far from the nozzle is depicted as a solid line. According to the contour shape, it is possible to distinguish three different zones in the spray. As shown in Figure 5 (top), in addition to the transitional length and the non-perturbed length, there is a third parameter related to the internal liquid core length L c . It is not possible to determine this parameter by the visualization technique employed in this investigation. Other techniques might be used in order to assess this internal characteristic length, such as X-ray measurements. 11, 12 In the current study, a zero-dimensional model which is able to predict the liquid core length and the axial velocity drop along the spray axis was used in order to compare the intact liquid core length with the non-perturbed length and the transitional length experimentally determined. This model has been previously validated using particle Doppler anemometry 31 and X-ray measurements of mass distribution in the primary break-up zone of the spray. 7, 8 In order to characterize the non-perturbed length precisely, the images with the best resolution were used. The transitional length and the spray cone angle were determined using the lowest-resolution images.
Spray cone angle analysis
The spray cone angle is normally used to assess the efficiency of the mixing process. Its value is mainly dependent on the nozzle geometry, 18 the presence or absence of the cavitation phenomenon 5, 19 and the chamber density. 21, [31] [32] [33] This parameter is usually determined by assuming that the spray is similar to a cone, performing a linear fit to both the upper part and the lower part of the spray contour and determining the angle formed by both lines. However, this fit is only accurate from the transition length onwards. To solve this problem, the contour is treated as shown in Figure 6 . It is first divided into segments of 50 pixels, starting from the end of the image. From these segments, a series of b i vectors is defined, including the coordinates of the contour points corresponding to each of the segments in a cumulative way (i.e. the b 1 vector includes the points of the first segment of the contour, the b 2 vector includes the points corresponding to the first and the second segment, and so on). With information on each vector it is possible to obtain a linear fit over both the upper side and the lower side of the spray contour, making it possible to calculate the angle between the two. While the spray contour exhibits a conical shape, the error when performing both linear fits decreases as the number of segments increases, since more points are available. However, when the spray appearance deviates from this linear trend, the errors associated with the linear fits increase. Thus, the spray angle is taken as the angle defined by the segment that leads to a lower error when performing the linear fit.
The evolution of the spray cone angle against the chamber density r a is shown in Figure 7 for all the nozzles. The measurements are displayed with the standard deviation. As expected, the higher the air density in the chamber, the larger is the spray cone angle. This is due to aerodynamic interaction between the fuel and the air in the chamber. Regarding the comparison between the different nozzles, neither a significant nor a clear influence of the nozzle diameter on the spray cone angle can be confirmed.
Non-perturbed length and transitional length
As mentioned earlier, the spray shows an initial region in which the spray width is constant, which was defined as the non-perturbed length L np . The values of the nonperturbed length for all the nozzles and for the different back pressures tested are shown in the lower part of Figure 8 . A decrease in this parameter when the chamber density increases can be noted because of the effect of the aerodynamic forces on the primary atomization process. A significant and clear influence of the nozzle diameter on the non-perturbed length is seen, as opposed to the spray cone angle results previously described; the larger the nozzle diameter, the longer the non-perturbed length. Therefore, the largest values of L np are seen for nozzle C, followed by those for nozzle B, whereas the smallest values are observed for nozzle A. As far as the transitional length is concerned, the values obtained from the analysis of the images are plotted against the chamber density in the upper part of Figure 8 . As can be observed, it exhibits a similar trend against density as that observed for the non-perturbed length. Thus, the transitional length decreases as the chamber density increases as a consequence of its effect on the atomization and air-entrainment processes. Additionally, it is noticeable that the diameter of the nozzle outlet has a strong influence on the transitional length, showing a similar trend to that seen for the nonperturbed length. If both parameters are compared for a given density (i.e. a given chamber pressure), it can be seen that the transitional length values are larger than the non-perturbed length values, although they have the same order of magnitude.
Model for the liquid core length and the relation with the previous experimentally determined parameters
Theoretical derivation
The model is obtained under the hypothesis of momentum flux conservation along the spray axis. This hypothesis was validated using momentum measurements 1 , and it implies that
where _ M o is the the momentum flux at the orifice outlet and _ M(x) is the momentum flux at a section at a distance x from the nozzle tip in the axial direction. The momentum flux at the nozzle outlet is defined as
If equation (4) is integrated over the whole spray section, it can be written as
where the x coordinate follows the axial direction and the r coordinate is perpendicular to the spray axis. In equation (6) , U(x, r) is the local spray velocity and r(x, r) is the local density. If a Gaussian profile is assumed for both the fuel concentration and the axial velocity, the integration of equation (6) leads to
where r a is the air density, r f is the fuel density, a is the shape parameter of the Gaussian profile and Sc is the effective Schmidt number, which is defined as the ratio of the momentum diffusivity to the mass diffusivity accordng to
with D the mass diffusivity and n the kinematic viscosity. The spray velocity angle u u is defined by the points in the border of the spray at which the velocity drops 1% of its value at the spray axis for the same axial coordinate. It is important to remark at this point that the Gaussian profile has proved to be suitable to explain the radial distributions of the concentration and the velocity in diesel sprays. 1, 5, 7, 8, 31, 34 All the steps followed in the integration of equation (6) can be found in the paper by Desantes et al. 35 This model was extensively validated in previous studies, 31, 35 in terms of both the local velocity and the local mass concentration, by means of spray momentum flux measurements and phase Doppler anemometry measurements, among others.
The momentum flux at the nozzle outlet can also be defined as
where A is the area of the nozzle orifice at the outlet and U o is the effective injection velocity at this location. Substituting equation (9) in equation (7), it can be easily transformed into
where N is the number of terms used in series truncation. Previous studies have shown that the axial concentration and the velocity can be related in terms of the Schmidt number 36 as
If equation (11) is introduced into equation (10), an implicit equation for C axis as a function of Sc can be obtained as
Finally, we assume that the spray mass angle u m is related to the spray velocity angle u u through the equation
Introducing equation (13) into equation (12) gives the expression
In previous work by the present authors and co-workers, 7,8 the projected mass distributions obtained from experiments based on X-ray absorption were transformed into the mass concentration in the axis for different nozzles and different conditions and compared with the results provided by this model (equation (14)). As a sample of this procedure, Figure 9 shows a comparison between the mass concentration on the axis and the mass concentration predicted by the model for different Sc numbers between 0.5 and 1. The full circles represent the values reconstructed from X-ray measurements following the procedure explained in the papers by the present authors and co-workers. 7, 8 This measurement was obtained for a nozzle with an orifice of diameter 131 mm at P inj = 80 MPa and P b = 1.85 MPa (r a = 21 kg/m 3 ). As can be noted, Sc has an important influence on C axis evolution until an axial position of (75-80)D o (about 10-12 mm), where the difference between the curves becomes almost indiscernible. As can be seen, the behaviour of C axis is considered, and two different zones can be defined. From 30D o (i.e. approximately 4 mm) onwards, the axial concentration is well reproduced by the theoretical model for Sc = 0.5. On the contrary, for positions up to nearly 30D o , C axis does not follow any specific theoretical curve. This is mainly because, as reported in the third section, the spray cone angle near the nozzle outlet (in the zone close to the liquid core length) is not well established (see the results depicted in Figure 6 ). Despite this limitation of the model, as shown in Figure 9 , a very good estimation of the liquid core length (further point on the axis with C axis = 1) can be obtained using the zero-dimensional model when Sc equals unity. This result was also observed for other different nozzles and different conditions in previous investigations 7, 8 using X-ray measurements. Thus, in this situation (Sc = 1), it is possible to obtain an explicit expression for the liquid core length L c . Indeed, particularizing equation (14) for Sc = 1 and C axis (x) = 1, the expression obtained for x = L c is
where the definition of the equivalent diameter
) was used, and the area A in equation (14) was substituted by
Chehroudi et al. 37 found that the expression for the normalized liquid core length is
where C c is an empirical constant in the range from 7 to 16. This expression, although simpler than equation (14) , has the same dependence on the density ratio as that expressed by equation (14) (if the definition of the equivalent diameter is taken into account).
In the next section, the evaluation of the liquid core length is addressed for all the nozzles and all the operating conditions, and it is correlated with the previously examined external parameters (the non-perturbed length and the transitional length).
Evaluation of the liquid core length and comparison with the previous experimentally determined parameters
The liquid core length can now be evaluated for the three nozzles and for different injection conditions. In Figure 10 , the liquid core lengths evaluated by means of equation (15) are depicted for all nozzles and all densities in the chamber. As expected, according to equation (15) , there is a significant influence of the chamber air density on the liquid core length; the higher the density, the larger is the spray angle (as shown in Figure 7 ) and, therefore, the shorter is the liquid core length owing to the enhanced air entrainment. As far as the influence of the orifice diameter is concerned, the higher the diameter, the longer is the liquid core length, as can be clearly seen for all the conditions displayed in Figure 10 . The same conclusion is reached if the equivalent diameter is considered. It should be noted that, although the difference between the liquid core lengths for the three nozzles is reduced in absolute terms when increasing the chamber density, their differences in relative terms remain similar. This result was expected in the light of equation (15), owing to the differences between the D eq values for the nozzles and the fact that there is no clear influence of the nozzle on the spray angle, as pointed out in the section on spray cone angle analysis.
If the results on the liquid core length are compared with the previous results on the non-perturbed length and transitional length, it can be concluded that, even though the liquid core length is rather longer than both of these in overall terms, the intact core and the transitional length become closer for high densities. For instance, whereas the values for the liquid core, the transitional length and the non-perturbed length for nozzle C at a density of 5.8 kg/m 3 are 12.5 mm, 2.8 mm and 0.85 mm respectively, the corresponding values encountered for a density of around 60 kg/m 3 are 2 mm, 1.7 mm and 0.2 mm.
A non-dimensional liquid core length can be obtained by dividing this parameter by the equivalent diameter. This non-dimensional intact length is depicted in Figure 11 (a) plotted against the normalized transitional length. As can be seen, there is a clear quadratic correlation between the two parameters. The mathematical expression that better fits this relation is
with a coefficient of determination R 2 equal to 0.99. If the values of the non-dimensional liquid core length are compared with the corresponding nondimensional non-perturbed length, the results displayed in Figure 11 (b) are obtained. As can be seen, the dependence between the two parameters is linear in this case, according to the equation
with a coefficient of determination R 2 equal to 0.97. The correlations obtained for the transitional length and the non-perturbed length make it possible to determine the dependences of those parameters on the equivalent diameter (including the the geometrical diameter D o , the fuel density r f and the density r a in the chamber) and the spray cone angle tan(u m /2). Indeed, as established by equation (15), the liquid core length depends on the equivalent diameter and the spray cone angle according to
where the term involving the series in the denominator in equation (15) was neglected as a first approximation and for simplicity. When equation (18) is taken into account, the transitional length can be written as
and therefore 
Introducing equation (20) into equation (22) yields
This last equation helps to explain the quadratic correlation observed in Figure 11 (a); for lower chamber densities (and therefore smaller spray cone angles), the differences between the two parameters become larger whereas, for higher chamber densities (and therefore larger spray cone angles), the differences become smaller. Table 6 shows a comparison of the values of 1 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi tan u m =2 ð Þ p and the values of the ratio L c /L t for all the nozzles and all the density conditions, using the previously experimentally derived value L t and the theoretically derived value L c . As can be noted, even though both values differ because equation (23) shows only a proportional relationship, they do demonstrate similar trends when moving from low densities to high densities.
With respect to the non-perturbed length, a linear correlation was found between L np and L c (see equation (19) ). Thus, carrying out a similar procedure to that previously described for the transitional length leads to the conclusion that the dependences of this parameter on the equivalent diameter and spray cone angle are the same as in the case of the liquid core length, according to
Conclusions
In the current paper, a visualization technique was used to study the stationary spray structure in the vicinity of the nozzle. Two different levels of image resolution were obtained: a visualization window of around 5 mm from which the axial evolution of spray width was characterized, and a window of 1.5 mm that made it possible to evaluate the external non-perturbed length. A qualitative analysis of the spray contour showed the existence of three different zones in the spray with respect to the axial evolution of the spray width: the first zone, where the spray width is equal to the diameter of the nozzle outlet; the second zone, called the transitional zone, in which air entrainment has already begun but where the evolution of spray width is not linear; the third zone (or steady-state region), which is characterized by evolution of the linear spray width defined by a steady-state value of the spray cone angle. The spray cone angles were shown to be similar for the three nozzles tested, with a significant influence on the density. No clear dependence on the diameter of the nozzle outlet was observed. With regard to the nonperturbed length, it was seen that it decreases when the chamber density increases owing to the effect of the aerodynamic forces on the primary atomization process. In this case, there is a significant and clear influence of the diameter on the non-perturbed length: the larger the diameter, the longer is the non-perturbed length. The transitional length (the axial distance from the nozzle outlet at which the spray width starts its linear evolution) showed a similar behaviour to that of the non-perturbed length, but with larger values.
An equation for the liquid core length was derived using a previously validated model. According to this model, the liquid core length depends mainly on the air density (or more generally the fuel-to-air density ratio) and the nozzle diameter. For all the nozzles and all the conditions, the liquid core length exhibited the largest values for the nozzle with the largest diameter for the lowest air density in the chamber, whereas it showed the smallest values for the nozzle with the smallest diameter for the highest air density in the chamber. The estimated values of the liquid core length were compared with the experimentally obtained transitional length and non-perturbed length values. As a result of the comparison, the non-dimensional liquid core length (normalized using the equivalent diameter) was shown to correlate with a very high level of confidence (R 2 = 0.99) with the non-dimensional transitional length. In this case, a quadratic equation was found to be the best approach to describe the relationship between the two parameters. On the other hand, when comparing the non-dimensional liquid core length with the external non-perturbed length, a linear relationship between them was found. Again, the coefficient of determination found is close to 1, highlighting the potential of the correlation for predicting the liquid core length from the non-perturbed length, or vice versa.
The analysis of the obtained correlations allows us to conclude that the ratio of the transitional length to the liquid core length is proportional to the square root of the tangent of the half-angle. This result can explain the quadratic correlation found between the two parameters. In the case of the non-perturbed length, the dependences on the equivalent diameter and the angle are exactly the same as those for the liquid core length.
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